Sous certaines conditions de vitesses 61evCes de dkformation, la deformation plastique peut Etre supposCe adiabatique et une augmentation importante de tempgrature se produit en grandes deformations. Dans cette Ctude, du tantale et des alliages de tantale-tungstkne ont Ct C soumis B des grandes dkformations de cisaillement en grandes vitesses. Des Cchantillons specialement dessinCs ont CtC utilis6s dans une barre de Hopkinson. La dCformation est suivied'un refroidissement B une tempQature en dessous de la moitiC de la temperature dc B 1'6chauffement adiabatique en moins d'une milliseconde. L'analyse de microstructure par microscopic ClCctronique B transmission montre que la rCgion de bande de cisaillement consiste en une dCcroissance graduelle de la taille des cellules de dislocations avec l'augmentation du taux de dCformation. Une analyse basCe sur la restauration dynamique est utilisCe pour prCdire la microstructure observie.
INTRODUCTION
Tantalum and tantalum-tungsten alloys have been the focus of considerable research recently because of their high density, high strength, and extensive ductility, particularly at high strain rates. These properties make Ta alloys attractive candidate materials for penetrator and shaped charge applications. Constitutive equations have been developed [1, 2] for use in computational mechanics modelling of these metal alloys subjected to deformation under high strain rates, and applied to modelling data at strain rates up to -5x103/s, but limited to relatively small strains (-0.3). Although most high strain rate research has focused on low strains, metals in applications such as penetrators and shaped charges must undergo extensive plastic deformation (strains of -5) at strain rates of -1041s. At these large strains, the phenomenon of tensile instability can often limit the overall performance of the material [3] . The plastic deformation process at these high strain rates can be regarded as adiabatic, and at large strains can lead to a significant temperature excursion in the material. In several recent studies on high strain, high strain
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1994845 rate deformation of copper, it has been shown that these temperature excursions are sufficient to enable dynamic crystallization to occur [4, 5] . It has been suggested that dynamic recrystallization occurs during the high strain, high strain rate deformation in copper shaped charges [6] , which retards the formation of tensile instabilities leading to well-developed penetrators. This study attempts to apply the approach previously employed on copper, to the high strain, high-strain-rate deformation of tantalum and tantalum-tungsten alloys.
EXPERIMENTAL TECHNIQUES
Mechanical tests were performed at quasi-static and dynamic strain rates at temperatures from 25°C to 525°C using cylindrical compression specimens of both pure Ta and a Ta-lOwt.%W alloy. The results of these experiments were used to determine the coefficients and exponents of the constitutive equations of both Johnson-Cook [7] and Zerilli and Armstrong [1, 2] . Hat-shaped specimens, shown schematically in Figure 1 , were used to generate high strain, high-strain-rate deformation under controlled, prescribed conditions. The hat-shaped specimen was developed by Meyer and co-workers [g], and has a circular cross-section and a narrow overlapping region which concentrates the shear deformation. The displacement, 6 , illustrated in Figure 1 , is determined and controlled by a steel ring which limits the movement of the narrow end of the specimen. The specimen is dynamically compressed using a split Hopkinson bar, see Nemat-Nasser et. al. [9] for details, recovered and sectioned for analysis using both optical microscopy and transmission electron microscopy (TEM). The region of concentrated deformation is close to pure shear, and the shear stresses can be approximated based on the original dimensions of the overlap region and shear strains can be estimated by measuring the displacement, 6 , and determining the thickness of the shear region by optical microscopy.
Specimens for TEM were obtained by EDM trepanning 3mm cylinders through the shear region parallel to the compression direction. These cylinders were sectioned into thin disks, ground to 0.2mm, and electropolished to perforation. In those samples where the electron transparent region did not coincide with the shear region, further thinning was pursued via cold ion-milling at liquid nitrogen temperature. TEM observations were made using a Philips CM30 electron microscope operated at 300kV. Figure 2 shows the stress-strain response of both the Ta and Ta-lOwt.%W at strain rates from 10-3/s to 30,0001s at room temperature. Additional tests conducted at a range of temperatures from 25°C to 525°C showed an significant temperature sensitivity to the stress-strain response of both alloys. These results indicate the moderate strain-rate sensitivity and dramatic temperature sensitivity of these alloys: typical of body-centered cubic metals where dislocation dynamics are controlled by strong Peierls stresses. From the data in Figure 2 it can be seen that the Ta-1OW alloy is less sensitive to thermal softening compared to pure Ta, as indicated by the larger strain achieved before the slopes of the stress-strain curves go negative. Figure 3 shows optical micrographs of the shear regions of one specimen from each the Ta and Ta-1OW materials for a shear strain of 5. The width of the shear region increased with increasing she& strain within a given alloy, and comparison between the two alloys at a given strain indicates that the Ta-1OW material produced narrower shear regions relative to the pure Ta. Higher strengths in materials generally result in an increased tendency for strain localization, and this is consistent with the differences in strength between the Ta and Ta-1OW materials. Within the shear regions, the grain structure is unresolved by optical microscopy, and TEM was employed to elucidate this fine-scale microstructure. Figure 4 shows a sequence of TEM micrographs of the shear region from the Ta-IOW alloy subjected to a shear strain of 5. The evolved substructure was similar in both alloys at a given strain, and consisted of highly-elongated dislocation cells, generally near the edge of the shear region, and fine-scale dislocation cells and sub-grains toward the center of the shear region. However, the distribution of the shear deformation was not homogeneous across the shear region, with some areas near the center showing relatively little deformation, while certain regions adjacent to the edge of the shear region were extensively deformed. Diffraction analysis of these regions indicate that the degree of misorientation between the cells increases with decreasing cell size, as indicated by the separation of spots within ring patterns. The degree of misorientation achieved at the smallest cell sizes resulted in nearly complete ring patterns. However, the fine-scale structure did not contain new, dislocation-free grains, as was found in the earlier work on copper [4, 5] . The temperature rise associated with this shear deformation in the copper experiments indicated that the evolved temperature was above the recrystallization temperature of copper, supporting the concept of dynamic recrystallization. However, the present results on Ta and Ta-1OW suggests that the evolved temperature here, was not above the recrystalIization temperature for these materials, and only dynamic recovery was occuring within these shear regions.
RESULTS AND DISCUSSION

Mechanical Behavior and Microstructures
Temperature Rise Calculations
The data in the plots of Figure 2 were used to determine the coefficients and exponents of the constitutive equations by a regression analysis technique that determines the best-fit parameters for all of the data for a given alloy. The two constitutive equations employed for this analysis were: (a) the Johnson-Cook equation, given by:
where ao, B, n, C, and m are the parameters determined by the regression analysis procedure, and T, To, and T, are the current, initial or reference, and melting temperatures, respectively, &/EO is the ratio of test strain rate to a reference strain rate, and a and E are stress and strain, respectively; and (b) the Zerilli and Armstrong equation for bcc metals, given by:
where ao, C 1, C3, C4, C5, n, are the parameters determined by the regression analysis procedure, & is the imposed strain rate, T is the test temperature, and o and E are stress and strain, respectively. An analysis of the fitting procedure showed that the Zerilli-Armstrong equation yielded better results over the entire strain-rate and temperature regime investigated here, with the Johnson-Cook equation tending to overestimate the stresses at strains >0.3. The coefficients determined by the regression analysis for each equation were then used to calculate the temperature rise associated with the high strain, high-strain-rate adiabatic deformation conditions of the hat-shaped specimen's shear regions, by incorporating the work of plastic deformation into an adiabatic temperature rise. The temperature rise can be estimated by integrating the stress-strain response at the strain rate produced in the shear region out to the shear strain achieved in the experiment. Since the temperature rise can not be derived explicitly from the results of the hat-shaped specimen, due to uncertainties associated with the shear area and shear displacements within these specimens, the temperature rise was calculated by integrating the constitutive equations, using the parameters determined by the best-fit regression analysis of the compression tests. It can be assumed that 90% of the plastic work contributed to a temperature rise. Therefore, the equations have the general form of:
where p is density, Cp is the heat capacity, and o is the constitutive equation integrated from 0 to the final strain. The axial strain E is converted to shear strain by:
and axial stress is converted to shear stress by o = 22. The results of these calculations are shown in Figure 5 for both constitutive equations and alloys. In each case, the calculated temperature rise at a shear strain of 5 is well below the range of temperature normally associated with recrystallization (0.4 to 0.5 of the melting temperature, T,).
Integration of the Johnson-Cook equation results in higher temperature predictions compared to the Zerilli-Armstrong equation, since the Johnson-Cook equation tends to overestimate the stresses to a greater degree at increasing strain. The temperature rise calculated for the Ta-1OW material is higher than the pure Ta material, irrespective of which equation is used, consistent with the higher strength of this material. This higher temperature contributes to the more localized shear deformation observed for the Ta-1OW alloy compared to the pure Ta. However, the temperature rise is still insufficient to exceed the recrystallization temperature of Ta. In addition, the recrystallization temperature of Ta-1OW is expected to be somewhat higher than for pure Ta, due to the higher melting temperature of W (3683K for W compared to 3270K for Ta). Figure 6 shows a comparison of the calculated temperature rise, using the Johnson-Cook equation, for the Ta and Ta-1OW alloys along with the results from the earlier study on copper. Clearly, the temperature rise associated with the copper deformation is a much greater fraction of its melting temperature at a given strain, than it is for either the Ta or Ta-1OW materials. In addition, it would be expected that dynamic recrystallization would be possible at a shear strain of approximately 5 in copper, consistent with the recrystallization observed at that strain in the earlier work. Systematic experiments conducted at high strain rates to large shear strains in pure Ta and a Ta10wt.%W alloy indicate that dynamic recovery occurs within the highly-localized deformation region of these hat-shaped specimens. The temperature rise associated with this deformation region was insufficient to achieve dynamic recrystallization, in contrast with the conditions achieved for pure copper from an earlier study [4, 5] . The inability to achieve a condition of dynamic recrystallization may lead to JOURNAL D E PHYSIQUE I V tensile instabilty in the formation of Ta or Ta-W shaped charges due to the inability to achieve steadystate plastic deformation (i.e. a balance between work hardening and thermal softening) facilitated by a process of dynamic recrystallization. SHEAR STRAIN (y) Figure 6 . Calculated temperature rises for pure Ta, Ta-1OW alloy, and pure copper (from a previous study [4, 5] using the Johnson-Cook equation showing the copper reaches its recrystallization temperature range at a shear strain of -5, while the Ta and Ta-1OW alloys are well below the recrystallization temperature of Ta.
